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Realization of an Sl traceable small force of 10 to 100 micro-
Newton using an electrostatic measuring system
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ABSTRACT

A small force of (10-100) uN traceable to the International System of Units (SI) has been realized using an electrostatic measuring
system at the National Institute of Metrology, China. The key component of the measuring system is a pair of coaxial cylindrical
electrodes. The inner electrode is suspended with the support of a self-balanced flexure hinge, while the outer electrode is attached to
a piezoelectric moving stage. The stiffness of the self-balanced flexure hinge was also designed so as to be both sufficiently stable and
sensitive to the small force applied to the inner electrode. Two sets of cameras were used to capture the shape of the electrodes and
to obtain a better coaxial arrangement of the inner and outer electrodes. With the help of a capacitance bridge and a piezoelectric
moving stage, the relative standard uncertainty of the capacitance gradient does not exceed 0.04%. Associated with a laser
interferometer and a DC voltage power source, the feedback system that controls the position of the inner electrode is responsible for
the generation of a force of 10-100 pN. The standard uncertainty associated with the force of 100 uN does not exceed 0.1 %.
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1. INTRODUCTION

The invention of atomic force microscopy (AFM) has had a
great impact on the development of nanotechnology [1]. This
technology has the capability of characterizing material
properties such as the surface morphology and interaction
potentials [2], [3]. The reliable measurement of the force based
on an AFM tip depends on the accuracy of the spring constant.
The determination of the spring constant is essential for the
absolute measurement of forces below 1 mN. Many methods
have been proposed to estimate the spring constant of the
AFM tip, but these methods are not SI traceable and lack
accuracy [4]-[9]. High-accuracy measurements of SI traceable
small forces in the range 1-100 uN have been realized by
several NMIs recently [10]-[15]. Most of the standard devices
are based on the electrostatic force, and recently a small force-
measuring system based on it has been established. Most parts
of the measuring system have been completed and the entire

project will be continued under further arrangement at NIM,
China.

2. PRINCIPLES

2.1. Methodology

A standard measuring system for small forces in the range
10-100 pN has been realized using an electrostatic force. The
structure of the entire measuring system is shown schematically
in Figure 1. The measuring system was placed in a vacuum
chamber and the chamber placed on an optical table supported
by six legs. The level of the chamber was adjusted with an air
bubble level. The optical table featured a mass block to increase
the inertia of the entire system. The inner diameter of the
vacuum chamber was 700 mm. Because the vibration from the
pump may cause instability of the inner electrode, the
measurements wete operated under normal air pressure.
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The key component of the measuring system is the
electrostatic force generator, a pair of coaxial cylindrical
electrodes, shown in Figure 1. The inner electrode is mounted
on the self-balanced hinge, while the outer electrode is mounted
on the moving stage. The self-balanced hinge is made of copper
and its spring constant is 11.679 N/m. The innet electrode can
be moved along the z axis, nominally parallel to the direction of
gravity. The degree of overlap between the two cylinders is
measured by a heterodyne laser interferometer.

The surface of the bottom inside the inner electrode is
smooth enough to reflect the laser beam. A mirror with an Al
and MgS; coating was mounted on the outer electrode to reflect
the reference laser beam. In order to obtain the proper
reflection of the laser beam from two cylinders and a proper
coaxial alignment, four main steps were followed. The outer
electrode was first adjusted with the air bubble level to ensure
that the axial alignment was in the direction of gravity. The laser
beam was then tuned to obtain the proper reflection from the
outer electrode. The inner electrode was adjusted with the help
of an x-y plane moving stage and x-y rotation stages to obtain
the desirable alignment to the outer electrode. The alignment is
observed by using the shape of the two electrodes. Two
cameras were used to capture the shape of the electrodes in the
x and y direction. The centric distance of the electrodes should
be less than 1 pm and the angle between the axes of the
electrodes should be less than 1 mrad. Although a self-balanced
hinge is introduced to the system, an unexpected movement of
the inner electrode can still be found, as shown in Figure 2.
This movement was unpredictable. It measured less than 5 pum
in 8 hours when the operators were in the room and less than 1
um in 80 hours without operators. The creep may have been

~..| Cantilever
- holder

assembly
Outer
_ electrode
adjustment
assembly
Figure 1. Schematic of the electrostatic measuring system.
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Figure 2. Creep of the inner electrodes.

initiated by temperature variation, because the thermal
expansion coefficients of the materials comprising the
supporting stages of the inner and outer electrodes are different.
Comparison between the force generated by the coaxial
cylinders and a standard weight (1 mg, 2 mg, 5 mg, and 10 mg,
provided by Mettler Toledo) was carried out, following the
sequence shown in Figure 3. The comparison was achieved by
controlling the voltage on the electrodes to maintain a fixed
position of the two cylinders. A proportional integral-derivative
(PID) method was applied to the system using a computer
program. Once the weight was loaded on the inner electrode,
the displacement was measured by the interferometer. Then,
after the weight was unloaded, an electrostatic force was
generated to move the inner electrode to its original position.

2.2. Capacitance gradient measurement

The force generated by the system is determined by two
factors: the voltage between the two electrodes and the
capacitance gradient along the z direction, described as
=19y

2 dz

It is very important to obtain dC/dy with high accuracy.
When measuring the capacitance gradient, the inner electrode is
considered to be static. The outer electrode was driven
vertically by a piezoelectric stage. The total nominal
displacement between the electrodes was 100 um. In each test,
dC/dy was measured when the displacement between two
electrodes was =50, 0, and +50 um. The outer electrode was
held in each position for 30 s. The capacitance was measured by
a sensitive bridge (Andeen-Hagerling model AH2700A,
Cleveland, OH, USA), while the displacement was measured by
the interferometer. Because the reference mirror is fixed to the
outer electrode, the displacement from the interferometer
equals the displacement between the inner and outer electrode.
The creep effect can be disregarded here. As shown in Figure 4,
dC/dz is calculated from the linear fit. Typical measurement
results are shown in Figure 4.

As can be seen in the expanded part in Figure 4a, the non-
linearity of the capacitance versus displacement in 2 nm may be
the cause of the difference and the higher standard deviation.

O]

3. COMPARISON TO DEADWEIGHT

The comparisons to deadweights of 1 mg, 2 mg, 5 mg, and
10 mg were carried out after the capacitance gradient was
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Figure 3. Process of comparison between deadweight and force.
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Figure 4. Measurement of the capacitance gradient. a: capacitance values at
0 um and £50 um. Drifts of the capacitance and displacement are 0.0013 pF
and 2.5 nm, respectively. b: variation of dC/dz vs time (mean=1.019077
pF/mm, 0=3.0x10* pF/mm, o/ IN =6.7x10" pF/mm). c: capacitance
gradient of 35 sets of six points at 0, 10, 20, 30, 40, and 50 pm
(mean=1.018901 pF/mm, 0=1.5x10" pF/mm, cs/\/W =1.8x10* pF/mm),
21.7540.12 °C. d: capacitance gradient of 10 sets of nine points at 0, 12.5,
25, 37.5, 50, 62. 5, 75, 87.5, and 100 um (mean=1.019012 pF/mm, 0=3x10"

pF/mm, cs/\/W =6.2x10" pF/mm), 21.54+0.11 °C.

measured. The comparison procedure is shown in Figure 3.
The voltage was held for approximately 200 s once the
deadweight was loaded and unloaded. Data acquisition was
applied all the time, but after 100 s the value of the voltage can
be considered stable. Nominally, the room temperature was
21.0+0.5°C. The typical response of the voltage and
displacement of the inner electrode is shown in Figure 5, in
which the deadweight artefact was 10 mg. Comparison between
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Figure 5. Variations of the voltage and displacement of the inner electrodes
when a deadweight of 10 mg was applied.

deadweights of 1 mg, 2 mg, 5 mg, and 10 mg is shown in Table
1. The relative standard deviation of the electrostatic force F,
became smaller when the larger deadweight was loaded.

4. UNCERTAINTY

Considering (1) and assuming all the factors are
uncorrelated, the uncertainty of the measuring force is

u*(f)=(—5=)’u 2( ) (—)2 (), @
adg) dz’ o)

where the capacitance gradient is obtained by the following
method:

dc Z(z 7)(c,—¢)

dz Z(Z —Z)

C; is the capacitance value corresponding to the relative
displacement of the inner electrode, z;. The average values of C;

S)

and zjare Cand Z , respectively. It can be verified that

dc oA
i ZZC =  C)y
' i i 4

dz 7, = nC' nC +—1227)dz ®
0z, Zziz (zz ) zziz (Zziz)z

i= i=1 i=1
and
dC
0— 5
02 g4c, =4 dc ®)

The uncertainty associated from a linear fit by the least
square method, to determine the capacitance gradient, can be
omitted.

The relative standard uncertainty of the force generated by
the system is expressed as

u(f)
Tt ©

= \/ur(r)z +U,(C)* +u,(2)* +u,(d)* +4u,?U).

u,(r) is caused mainly by the repeatability of dC/dz, associated

with vibrations from the air flow and the unexpected vibration
from the base. The actual displacements of the inner and outer
electrodes were measured by the laser interferometer, so #,(3)
should be considered. #,(U) is caused by voltage noise from the

ACTA IMEKO | www.imeko.org

July 2017 | Volume 6 | Number 2 | 6



Table 1. Comparison between deadweights of 1, 2, 5, and 10 mg.

Gravity of deadweight G (uN, with expanded

Electrostatic force F, (UN)

uncertainty, k=2)

Relative standard deviation of F, o (Fe- G)/ G (%)

9.806+0.002 9.8008
19.609+0.002 19.595
49.009+0.002 48.746
98.021+0.002 97.455

0.0112 -0.055
0.0143 -0.071
0.0025 -0.54
0.00074 -0.58

DC power source. This is related to the actual force generated.
Noise in the measurement of the capacitance, #(C), and the
displacement error of the piezoelectric moving stage, #(d), are
also included.

According to the calibration results of the AH2700A
capacitance bridge, the DC power source, the laser
interferometer, and the piezoelectric stage, the relative standard
uncertainties #,(C), #,(U), #,3), and u,(d) are 0.5x1076, 2.5X107,
1x1078, and 1X1074, respectively. According to the results
shown in Figure 4, #(7=1.8X10"* pF/mm, and the relative
standard uncertainty of the force generated by the system is
2.69x1074.

According to the results of the comparison shown in Table
1, the relative difference between the electrostatic force and the
gravity of the deadweight is larger than 2.69%X107* In general,
the following aspects should be considered: 1) The test mass is
placed close to the inner electrode. The shapes of these test
masses are different, which will affect the actual capacitance
measurement since the mass is lifted by the stainless-steel wire
and attached directly to the self-balanced hinge. 2) The fork
used to lift the test mass is made of stainless steel and is isolated
from the ground. Considering that the outer electrode is
grounded and the inner electrode is applied to a high voltage,
the test mass can be electrically charged and attracted by the
inner electrode. This could be studied by reversing the polarity
of the electrodes. The possible primary improvement of the
system should be realized by electrically isolating the inner and
outer electrodes from the other parts, especially the test mass.

5. CONCLUSIONS

Forces of (10-100) uN traceable to the International System
of Units (SI) were realized by a measuring system based on
electrostatic force. Primary analysis shows a relative standard
uncertainty of 2.69X107* The deviation between deadweight
and the electrostatic force was less than 0.6 %.
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